The effectiveness of hedglng drought risks with weather derivatives was investigated for rain-fed grain maize production in Switzerland under current ( I 98 I-2003) and projected future {2O7O-2LOO) climatic conditions. Depending on location, hedging reduced the value-at-risk [VaR) measure to a variable degree, although with a considerable basis risk, but hedging may provide a rralid risk transfer since loading of 90% to 24Oo/o of the fair premium can be paid to obtain a hedged situation with improved outcomes relative to the reference. However. the fair premium of a specific contract may vary by a factor of two to four over the 7O-year period considered, which represents a substantial uncertainty for both the farmer and the institution writing the contract.
Current climatic conditions in central Europe are favorable to crop production. Yet, projections of future climate (Fuhrer et al., 2006; Beniston andDiaz,2OO4) characterized by changes in the hydrologr of alpine basins (Jasper et al., 2004 ) and more frequent droughts (Calanca, 2OO7) , together with the continuing rise of human water demand (Shiklomanov, 2000) , emphasize the need to minimize agricultural water use as part of optimal resource allocation [Food and Agriculture Organization (FAO), 2OO2l, and to improve risk management to cope with increasing weather risks. Recent severe weather events, such as during the summer of 2003 (Schär et al., 2004) with estimated losses in the agricultural sector of around l2 billion US$ in Europe (SwissRe, 2OO4) and 500 million Swiss Francs (CHF) in Switzerland alone (Keller and Fuhrer, 2OO4) , clearly demonstrate the importance of extremes in climate.
Risk management involving hedging with relatively new financial instruments, the so-called weather derivatives (Hull, 2OO2; Jewson and Brix, 2OO5; Zeng,2000) , could be envisaged in Europe. Conceptually, any weather variable can be indexed (Agarwal, 2OO2) . Contracts based on precipitation have been described in the literature (Agarwal, 2002; Martin, Barnett, and Coble, 20Ol; Skees et al., 2OO1; Vedenov and Barnett, 2OO4) , but more frequently temperature-based indices have been used (van Asseldonk, 2003; Leggio and Lien, 20O2; Oetomo and Stevenson, 2OO5; Richards, Manfredo, and Sanders, 2004; Taylor and Buizza, 2OO4, 2006 ; Turvey, Weersink, and Chiang, 2006: Zeng.2OO0).
The aim of this exploratory study for grain maize (kamags L.) production in Switzerland was to evaluate the effectiveness of weather derivatives in hedging against risks associated with increasing precipitation shortage. Our approach was lo compare a reference situation of conventional rain-fed cultivation. which reflects the current Swiss standard. with the alternative scenario represented by rain-fed management backed up by weather derivatives. The comparison was applied to the current climatic situation (1981-2OO3) and, for the first time, to future conditions using a scenario for climate by 2O7O-2|OO.
The climate change [CC) scenario was extrapolated from results of a regional climate model (HIRHAM4) based on the IPCC A2 emission scenario (Nakicenovic and Swart, 2000) . The efficiency of the two strategies was compared with a concept similar to the value-at-risk metric (Artzner et al., 1999) broadly used among finance practitioners. Based on a simple concept, it offers the opportunity to summarize the risk of a portfolio to just one number.
From a statistical point of r.iew, this approach is a quantile analysis of the distribution of profits simulated with a Monte Carlo (MC) chain translating the weather variables into stochastic distributions for maize yield and associated economic returns. This allows handling the mean-r.ariance framework for risk analysis in the situation where production costs are correlated with crop yields, and the distribution of both the variables and the profits are skewed, not Gaussian. and censored at critical thresholds. For this study. specific locations in Switzerland were selected, but to broaden the scope a sensitivity analysis was performed by varying mean and variability of the initial probability space for seasonal precipitation sum.
The limitation in the availability of yield or weather time series often constrains the application of regression fitting to calculate the loss function. and correlations between yield and weather variables may be too weak (even if significant) for hedging purposes. As an alternative, in this study we adopted a novel approach. The loss function was determined using a stochastic yield model with a minimum set of parameters required (Torriani et al., 2OO7a) .
Methods and Data Production Costs
Costs for maize production were estimated with the methodologi described by Lips and Ammann (2O06) 
Profits
A Monte Carlo chain was used to develop profits with or without hedging. A sample of n = 300 x 103 was drawn from the gamma probability density function (PDF) of seasonal rainfall. This function was chosen on the basis of results of statistical tests comparing different forms of the function. The large sample size was necessary to achieve a precision (i.e.. minimum variabilily) of 0.0l t ha I (Torriani et al., 2OO7a) . The distribution of profit B (CHF ha-1) for grain maize production without hedging was calculated as:
with grain yeld Y(l ha r) sold al a price p," (CHF t '), and the cost function c(') (CHF ha ') as the first-degree pollmomial Table l ). Profit with hedging B*.d (CHF ha ') was calculated from profit for conventional production (B) and considering a number of weather derivatives h (contracts ha-') with a premium of c,..., {CHF contract-r) and a payoff P (CHF contract-r). The producer would pay a constant amount hc,,o to the writer for an indemnity of hP. Analytically, this can be expressed as:
(2) 8,",1 -B hc,uo-LrP.
Here. the contract was tailored to one hectare. and thus h -l.
The effectiveness of hedging was e\raluated on the basis of a quantile-based risk measure of the profit distribution (Hull, 2OO2) Maize harvest occurs once a year, and therefore only year-to-year variations were considered. Thus a single year was the smallest discrete step of our analysis.
Results of the monetary balance were placed in mean-variance plots for a sensitivity analysis performed by changing (a) mean rainfall from zero to 600 mm. and (b) the second moment of the distribution from zero to 250 mm. Production costs, yield levels, and profits were adjusted for each condition.
Pricing
The premium was calculated as the unconditional expectation (E) of payoff and discounted at the risk-free rate (d -e"l. with an interest rate r, usually taken as equal to the risk-free interest rate (Hull, 2OO2) . The payoff distribution was simulated with Monte Carlo methods from the rainfall distribution. as described in Torriani et al. (2007a) . Pricing a weather option is a typical case of incomplete market where the classicai Black-ScholesMerton approach cannot be replicated (Black and Scholes. 1973; Merton, 1973) . Hence. in this case, the statistical measure of risk was taken.
Direct comparison is conventionally done after converting the future value into the net present value by discounting at d = d". The option is purchased at date t, and cashed at maturity date t, > t,, separated by t (years). The rainfall index xis defined as the integration of the daily precipitation [mm) [see equation (13)1. The put payoff function p{') pays an amount D (CHF mm-t) for each mm of cumulated rainfall below a strike K (mm), following Jewson and Brix (2O05):
As an example, if K -2OO mm, D = IOO mm. then for an index value of x = l5O mm at the end of the accumulation period (at maturity) the put will pay 5,0O0d,, or 4.925 CHF for r = 0.O2 and T -O.75. The option value u then becomes:
One contracl costs u ICHF conlract-]). and in the long term a farmer can expect (in a probabilistic context) to receive back the same amount discounted at d,. The riskfree rate is approdmated at 2o/o from the historic LIBOR rate for the nine-month maturity duration over the years 1997 (LIBOR, 2006 . As noted previously, grain prices can be assumed constant and price r,'olatility equal to zero (and covariance between grain prices and indemnities), thus not affecting the pricing procedure (Davis, 2OOl) . We assumed no transaction costs outside the interest rates on capital.
Structured Product
The payoff function of the standard put is linear, but sometimes it is more interesting to obtain nonlinear payoffs that better fit the hedging purposes and reduce the basis risk (Berg and Schmitz, 2OO7) . The goal is to create a synthetic put with a concave payoff function mirroring the loss function l(x) [see equation (9)1. Here we considered a structure of standard puts with equal tick size and equally spaced strikes. The latter assumption aims at imitating existing markets since the advantage is to rationalize the process of writing standard instruments that can be used for multiple purposes among industrial sectors, thereby possibly attracting more liquidity in the weather market. But this assumption is not primordial since trading strategies seeking to replicate slmthetic options are possible. The structured product payoff function s is then:
For a general case where rrr, is the weight of the put options to be purchased at each strike K, and separated by an offset O (mm), for m components of the structures, the parameters are found with:
f r<--x , ) (6)m r'Jloorl "^"1.
"\o)
Details on the "floor" function can be found in the Matlab documentation at (http : / /www.mathworks. com/access/ helpdesk/help /techdoc/matiab.shtml). The quantity of options that need to be purchased at each strike is equal to the slope l(x) minus the quantity purchased until then for higher strikes, with the initial condition of K,,, = 1. Hence, we solved iteratively beginning from the second topmost strike: rll (7) w, -u l(Ki)-I :,. 
Loss Function
Ideally, the loss function representing a relationship between yield and the underlying variable should be parameterized for each location and corresponding climatologf. Here we used a single function parameterized with the results of the stochastic model sensitivity analysis obtained by changing the shape of the rainfall distribution a (-) and the scale parameter 0 (mm) with their moment estimators according to Torriani et al. (2007b) . The explicit form of the loss function was similar to that of the water stress model in Torriani et al. (20O7a) . It allows an easy differentiation necessary to calculate the weights of the structured product in equations (7) and (8): (9) l(x. EToo,:kl ranhlk# -I l' "1"'ttt';
Potential evapotranspiration (E?r.,) was used as a function of rainfall (Calanca, 2004; Torriani et al., 2OO7a) . and k (CHF) as a specific fitting parameter.
Yield Model
The stochastic model to determine the yield probability density functions and the loss function was constructed following the work of Monteith {1977). Yield (B is described as the product of radiation use efficiency ep"r, which is a crop-specific parameter, global radiation 1(W m '), and a series of limiting factors q,:
(lo) y= eo,r fl n,.
The normalized limiting factors q, considered here are water stress r1,, (-) and vapor pressure deficit (VPD) limitation n, (-), the latter representing the indirect effect of temperature on yield (Torriani et aL, 2OO7a) . A deterministic crop growth model, CropSyst (Stöckle, Donatelli, and Nelson, 2003) , as described in Torriani et al. (2OO7al, was used to determine the relationships of the stochastic yield model. Mean \lPD was extended between O and 25 hPa to reflect drier and wetter atmospheric conditions. Rainfall was reduced over a range of 0 to -60%. Simulations were performed for a single soil type with 38% clay, 360lo silt, 260lo sand, and 2.60lo soil organic matter, characterized by a good water-retention capacity.
The increase in CO, concentration positively alfects productivity through effects on canopy resistance to water vapor transfer and carbon assimilation (cf. Fuhrer, 2003) , but the magnitude of the CO, stimulation of yield is debated, especially for C4 crops like maize (Tubiello, Soussana, and Howden, 2OO7) . Therefore, the VaR analysis was performed without considering increased CO, in the climate change (CC) scenario.
Meteorological Data
The baseline for l98l-2OO3 consisted of the observed meteorological data provided by the Swiss Climate Change Scenario
The stochastic modeling framework was based on the rainfall index x as the independent variable, with radiation and air vapor pressure deficit (\4PD) as the dependent variables. Linear covariance between weather variables was assumed, and a stochastic error was added as a normal term N(0, o') with zero mean and a suitable standard deviation o, and o,,"o for radiation and \?D, respectively, reflecting the observed spread of the indices:
(rr) I -D,\x ) -rv(o.of).
(t2l wD Drrol x ) N(o. o?Prr).
Here, D(.) is the deterministic linear term for the corresponding variable. The parameterization of the climatic model required records of precipitation (mm), mean temperature ("C), I?D (hPa), and global radiation [W m-') corrected for data inconsistency, but without performing homogenization (Allen et al., 1998).
The rainfall index x is defined as the integration of the daily precipitation P (mm) over the accumulation period including the first (t,) to the last (t, > t,) day considered:
The operator ( ... ) means that integration over the accumulation period was used for rainfall, and averaging was used for the other variables. The chronological limits t, and t, were kept constant each year, although in reality they should reflect crop phenology as a function of thermal time (growing degree-days, " C-days). Phenological dates were determined through simulations with CropSyst (see above). The t, limit was set at 4O0 'C-days after the sowing date [10 May, or the day of the year (DOY) 1301, i.e., shortly before the beginning of the flowering phase and nearest to the start or end of a month to obtain a full month's accumulation. The I limit corresponds to the completion of maturity at 1,250 "C-days, which is a crop-specific parameter and was previously calibrated with observations. The time of maturity varies from year to year by up to l-2 months depending on region and variety, but here we employed a mean DOY of 273.
The positive temperature trend in the CC situation was considered by inducing a shift by -30 days in the sowing date (Torriani et al., 2OO7a, b) . Specifically, the moment estimator used to adapt the rainfall gamma PDF for CC conditions accounted for this shift in growing season, but parameters for both the deterministic and stochastic terms were not updated in spite of a possible change in the relationships between weather variables.
The CC scenario referred to the years 2O7l-2O93. It was derived from the observed baseline by shifting the observations as described in Torriani et al. (20O7b) and included changes in the inter-annual variability along with shifts in mean monthly values. CC anomalies were extrapolated from the regional model HIRFIAM4 (Christensen et al., 1998 
Results
The hedging contract covers a precipitation range useful to ensure the production from zero up to a mean yield level in Swilzerland of about lO t ha '. Grain yield reaches a maximum value at around 4OO mm and then starts to decline due to limiling radiation and temperature associated with unfavorable wet conditions ( Figure 1 ). This resulted in a maximum liability and thus a maximum payoff of the structured product of 4,630 CHF contractt.
The parameterization of the loss function was performed by fitting (13) to data from the Monte Carlo model with the least squares method (a= 4,833 CHF contract-', c = 0.004851 mm-I. R2 = 0.98. RMStr = 225 CHF). The optimum weight ro, for each option necessary to build the structured product was obtained iteratively by solving equation (7) and was used to fit the inverse image of the loss function (Figure 2 ). It resulted in a total of 23 options between 100 and 400 mm. with the weight for the option at strike 350 mm equal to zero-i.e., this strike is not required ( Table 2 ).
The basis risk associated with the spatial heterogeneity of rainfall was evaluated in terms of differences in seasonal rainfall and differences in the payoff between the reference site and the target locations (Figure 3) . The correlation for rainfall showed a proportional decay that remained above an R'z of O.7 (wilh p < 0.05 in ail cases) for distances of up to 40 km. The R2 for the payoff was slightly lower, yet above 0.6 for a distance up to 15 km (data not shown), and the basis risk in absolute terms remained below 5O0 CHF contract-r for distances up to 15 km, with a mean of 2OO CHF conlract-r. bul the maximum difference could reach 1.40O CHF contract-t for distances exceeding 15 km. These results need to be analvzed further by considering possible spatial anisotropies, and with an improved spatial interpolation procedure.
The results of the sensitivity analysis are shown in Figure 4 where the standard deviation (sd) of precipitation is reiated to the mean (m), with isolines indicating the premium for each combination of sd ((x)) and m((x)).
The isolines indicate the increase in premium with decreasing m( x ) and/or increasing sd((x)). The location of the data indicates that the fair premium increased from the baseline climate to CC conditions from 2lO to 620 CHF hatfor MAG and from 160 to 783 CHF ha-' for SFI-A. Al WAE. the fair premium was nearly zero due to the mean rainfall level above the upper put strike, i.e., the weather derivative is usuallv "out-of-themoney."
A similar analysis was performed for 95-VaR ( Figure 5 ). The comparison between the situations with or without hedging showed that hedging was effective in reducing the 95-VaR gradient along the rainfall variability axis, which may be expected from this type of instrument. MAG, located south of the Alps, and SFIA, north of the Alps, are both characterized by climates which favor water stress conditions in maize (Torriani et al., 2007a) , and thus the system is sensitive to rainfall variability.
The difference in 95-VaR and 9O-VaR with or without hedging was compared for two sites using the baseline climate and CC scenarios. The 95-VaR would be the same for one year over 20. The 90-VaR was included as an option due to the fact that yield losses usually cannot be estimated with less than an error of l0o/o (Aldrich, Scott, and l,eng, 1982) , although it can be questioned that the 90-VaR can be interpreted as the amount of money a farmer can lose one year out of 10. Under CC conditions. the conventional 95-VaR dropped by 13Oo/o at MAG and by 1600/o at SFIA relative to the situation with hedging (Table 3) . In contrast, at WAE, hedging was not effective since there was negligible yield reduction due to water stress fabout 5olo: Torriani et al.. 2007a ) and due to little rainfall variability in both the baseline and CC scenarios (data not shown). For soils with a lower water retention capacity than assumed here. the risk for water stress would be higher, therefore possibly justi$ring hedging' Nevertheless, the pricing of the structured product may be difficult. A further limitation of weather options for the WAE location is a premium, which is lower than l0 CHtr contracl-r due to its "out-of-the-money" situation (when the seasonal rainfall is less than 430 mm) (see Figure 4) . The difference between conventional and hedged VaR can be used to determine by how much a premium can be increased above the fair premium before reaching the risk level of the conventional management, thereby possibly providing a simple quantification of how much a farmer would be willing to pay for hedging and, conversely, how much a financial institution may charge to cover its investments. At MAG, the fair premium can be loaded up to 24Oo/o before bringing the situation near the conventional one. whereas at SFIA the fair premium can increase by 930/o. The smaller potential at SLIA is caused by lower mean profits expected for producing maize (baseline: 260 CHF ha-') in contrast to the slightly higher grain yield and gains at MAG (baseline: 42O CHF ha i). (Fuhrer et al.. 2006) . This increases the risk of yield losses of important agricultural crops (Torriani et al., 2OO7 a, b) , although consiclerable uncertainties exist with respect to the extent of the projected changes in climate at the global, regional, and local scales.
Due to these uncertainties attached to climate scenarios and, in particular, a strong bias in precipitation scenarios for the European alpine region (Fuhrer et al.. 2006) , application of weather derivatives for hedging against drought risks in crop production would require continuous re-equilibration and recalculation of the premiums. Depending on local conditions, the fair premium of a specific contract for hedging against weather risks in grain maize production may vary by a factor of two to four over the 7O-year period considered. This represents a substantial uncertainty for both the producer (farmer) and the institution underwriting the contract.
One objective of this work was to calculate the premium of the contract with the statistical measure of risk (fair premium), implying that there is no loading for the costs and risks endorsed by the financial institution wflting the contract. This presents an unrealistic situation, except if a government supports the hedging strategr and covers the risk exposure and expenses. Nevertheless, our findings reveal that even considering premiums which are 1000/o or higher than the fair premium, hedging remains attractive for maize producers when compared with the conventional management, both for baseline and climate change assumptions, thus allowing the financial institution to cover its expenses and eventually the uncertainties related to climate change.
In this study, we used a modeling approach to determine weather-yield relationships instead of employing traditional regression methods based on observed data. The advantage is that the relationship can be applied to locations for which historical meteorological or yield data are incomplete, or where correlations between rainfall and observed grain yield are inadequate for hedging purposes (even if significant). We used a novel approach to create a simple statistical yield model based on functional relationships between weather variables and yield derived with a deterministic crop model (Stöckle, Donatelli, and Nelson, 2003) . The latter was calibrated and tested against observed data from Swiss locations with highly satisfactory results (Torriani et al., 20O7b) . Nevertheless, uncertainty related to yield simulations remains an important component of the overall uncertainty in projections of future crop loss risks, as discussed by Torriani et al. (2OO7a) . Moreover, the basis risk resulting from the spatial heterogeneity of the precipitation-based index requires further analysis; solutions exist to improve the spatial representation of the index through extrapolation techniques, spatial mapping through teledetection, or by using ad hoc indices created from aggregation of multiple weather variables fVedenov and Barnett. 2OO4l.
Integrated economic studies at the farm level and not limited to maize production may offer further opportunities for the application of risk transfer based on capital markets to the benefit of both the society optimizing its investments (Skees, 1999, 2OO2: Miranda and Glauber, 1997) and the rural sector facing fundamental socioeconomic and technical adaptations. Risk transfer is one strates/ to increase the probability that the agricultural production chain can be secured and to safeguard the production ofreal, tangible agricultural commodities that for many reasons can drop or rise in quantity and quality, but cannot be replaced solely by monetary values.
Application of weather derivatives may be influenced by the availability of seasonal weather forecasts. Their usefulness has been assessed in Europe for winter crop management (Cantelaube and Terres, 2005) , but specific studies focusing on forecasting seasonal precipitation dlmamics are still scarce. In areas where seasonal weather forecasting represents a valid support to both crop management and financial decisions (Meinke and Stone, 2005) , pricing corrections could be considered (Jewson and Brix, 2005) . Projections of adverse weather and unsuitable soil conditions during the time of sowing can lead the farmer to change plans, and in extreme situalions even force a switch to an alternative crop with the consequence that hedging would be obsolete.
Mechanisms for redeeming the contingent claim can be included in the specifications. but then it is necessary to reconsider weather and seasonal forecasting to recalculate conditional expectation of premiums (Agarwal, 2OOZ) . These last issues were not considered here because solutions are specific to re$ions, countries. and industries, where strong territorial presence of insurance and governmental seryices will motivate more sophisticated contracts including redemption clauses. while application in remote areas will encourage simplicity (Skees et al., 2001 ).
